Waste composition 
INTRODUCTION
Following a long-standing tradition in combustion practices, plant operators and engineers have sought to identify correlations between fuel composition and the fuel heating value. Perhaps the most widely referenced methods derive from the 19th century work of Dulong and based on properties of coal samples, and use empirical constants to calculate an expected higher heating value based on the fuel ultimate analysis. As with the widely practiced reliance on ultimate and proximate analyses in coal characterization, other studies examined components of the waste stream and reported characteristic composition with applied empirical calculations to estimate higher heating values. Channiwala and Parikh present a comparison of the various methods and associated shortfalls and expected deviation from values obtained using a bomb calorimeter. 1 Such methods have been refined over the past 50 years, with increased attention to refinements in the empirical calculations during the 1990s and later based on biomass feedstock, resulting in variants of the empirical approach which alternatively use either the fuel proximate analysis or ultimate analysis, and some techniques have been abbreviated to consider only some constituents (such as C, H, O). 2 For the most part, studies which compare such empirical approaches to "actual" results rely upon relatively inexpensive laboratory tools, such as a bomb calorimeter, ASTM D 2015-85, to determine the "true" value. One potential shortfall of this technique is the small sample size employed (1 g), which may be suitable for homogeneous samples, but perhaps lack sufficient means to account for wide variations in fuel composition.
Extensive work done in the 1960s and 1970s was performed to examine techniques for relating the composition of municipal refuse and calculating heating values based on the composition of major constituents (e.g., paper, plastics, food waste, inerts, etc.). 3 This methodology is an international endeavor, as various authors present data and correlations to reflect the makeup of waste in their respective nations. 4 As noted above, the adiabatic bomb calorimeter is the tool of choice in most instances to establish the reference value, and statistical analyses typically are used to compare the calculated HHV with results of ASTM 2015-85 method, 5 and report variance based on the difference. Sample sizes as large as 10 t are reported to have been used. 6 [note that Chang et al. used 50 kg samples] Some studies report fairly close correlation between heating values determined experimentally and those which utilize empirical formula, with variance measurements at slightly under 2%. Adjustments to the empirical formulae sometimes incorporate calculations to account for inorganic carbon and oxygen (bound as carbonate, for example) to improve precision. In some research, the composition of plastics (ultimate analysis) is reported for different polymers, which have varying C, H and O fractions which prove significant when employing empirical methods based on elemental composition.
What is lacking in most of the literature on the subject of waste composition and HHV is how well empirical formula compare with established protocols for commercially operating systems which measure HHV indirectly, such as the "Boiler-asa-calorimeter" method 7 or the Specific Steam Correlation method. 8 The former, for the most part, ignores the fuel ultimate analysis but does take into account unburned carbon and fuel moisture; the latter relies only on scale data to approximate the mass feed rate, but not the composition, of MSW charged to the boilers.
The authors of this study discuss waste characterization data to analyze impacts of waste generating sector, seasonality, and time series trends in waste composition data. Two studies conducted in the northeastern U.S. are used as the basis for the analysis. The paper also examines monthly HHV data derived by the Specific Steam Correlation method to determine what, if any, associations are apparent between waste composition data and calculated HHV.
WASTE CHARACTERIZATION CASE STUDIES
Waste composition studies involve the representative sampling, sorting, weighing, and otherwise measuring individual constituents and other characteristics of wastes originating within the targeted waste shed. Such composition studies have been performed on wastesheds spanning individual cities and counties, scaled up to state-wide wastesheds. To date, state-wide waste characterization studies have been performed for over one-quarter of U.S. states, and county-or city-specific waste characterization studies have been conducted for hundreds of municipalities.
Procedures for waste composition analysis have been in existence for decades, with the most widely cited protocol being ASTM D 5231-92. 9 This protocol, as well as most of the variations that have been widely used, include procedures for (a) determining the number of samples needed to achieve reasonably low levels of relative error for the mean composition estimates; (b) selecting a representative distribution of incoming trucks that have collected wastes from within the targeted wasteshed; (c) obtaining a representative sample of waste material from within each tipped load; (d) sorting the samples into individual constituents and weighing the relative contribution of each constituent to the overall sample, and (e) calculating the mean, standard deviation and confidence intervals (usually at a 90 percent level of confidence) of the sample data.
There have been a number of recent waste characterization analyses performed in the Northeast and MidAtlantic regions. The City of Philadelphia is currently updating a city-wide residential waste characterization study that was last performed in 2000, 10 with final results due in mid-2010. In 2009, the Connecticut Department of Environmental Protection (CT DEP) sponsored a state-wide waste characterization study that was performed at five of the state's facilities permitted to receive the material -four of these facilities were waste-toenergy plants. 11 The Delaware Solid Waste Authority conducted a state-wide waste characterization study in 2006 that sampled at each of the state landfills and transfer stations.
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Montgomery County, Maryland has been conducting waste characterization studies every five years since the mid 1990s. Selected findings from three of the waste composition projects mentioned above are provided to highlight findings and observations of interest. Figure 1 and 2 show the resulting aggregate waste composition by material group for the Montgomery County and Connecticut Statewide studies, respectively. Additionally, Figure 3 shows the composition of generated wastes according to the U.S. EPA's most recent national study. An important observation from these three graphs is that every waste composition study defines the material categories and material groups independently. While this certainly allows waste composition studies to be customized to best inform each project sponsor, the inconsistency among studies increases the difficulty at comparing and applying their results to subsequent analysis of heating value.
Montgomery County, MD.
Any individual waste composition study provides a snapshot of the waste stream composition at the time of the study. Since the mid-1990s, Montgomery County, Maryland, has performed substantially identical studies over five to six year planning periods. This data is important to the County for purposes of planning and program evaluation as part of a comprehensive, integrated waste management system which includes a 1,700 tpd mass burn energy recovery combustor (owned by the Northeast Maryland Waste Disposal Authority for the sole benefit of Montgomery County), 360 tpd material recovery facility, composting, electronics recycling, and household hazardous waste recovery operated at the County's Transfer Station.
In each waste characterization study, sampling and sorting events were conducted over two or four seasons at the County's central transfer station, with samples allocated across single family, multi-family, and non-residential generator sectors.
Because the field test and analytical methods for these studies has remained relatively constant, these data sets are informative about changes in the disposed waste stream over time. Table 1 shows selected material constituents and material groups for the most recent three studies. There appear to be consistent trends discernible in this data. For example, there has clearly been a decline in the percentage of paper in Montgomery County's disposed waste stream. Plastics have increased steadily, as have organic wastes. Likely contributors to these trends will be discussed below.
Connecticut Statewide
The most recently completed large scale waste composition study was performed by the Connecticut Department of Environmental Protection. was divided into 68 separate constituents, grouped into nine material groups.
The Connecticut Study (like many waste composition studies) separately analyzed wastes originating from the residential sector (including single family and multi-family dwellings) and the industrial/commercial/institutional (ICI) sector. Table 2 provides composition data for major material groups and selected constituents.
TABLE 2 CONNECTICUT STATEWIDE WASTE COMPOSITION BY GENERATOR SECTOR
As shown, the Connecticut study found only moderate variation between residential and ICI wastes. Yard waste was found in this study to be significantly higher in the residential stream, while the ICI stream contained higher fractions of paper, plastics, and construction and demolition (C&D) debris.
New York City Residential Waste Composition
New York City conducted a Preliminary Waste Composition Study on its residential waste stream in 2004 that included relatively extensive testing of sorted materials for contamination. Specifically, after each sample was sorted, subsamples of certain constituents were collected, sealed, and lab tested to determine (a) moisture content of the subsample, and (b) the fraction of cross-contamination (whether occurring at the generator source or during the collection process) of solid particles in the sample. Table 3 shows the resulting moisture content observed in the NYC data, compared against published moisture content.
TABLE 3 COMPARISON OF NYC RESIDENTIAL WASTE MOISTURE WITH PUBLISHED SOURCES
It is of particular interest that the moisture content observed in a relatively extensive moisture testing protocol during an actual waste composition study consistently exceeds the moisture content cited for use in HHV calculations in the Meraz paper. It is also worth noting that, in all likelihood, the actual total moisture in incoming loads of municipal solid waste is actually higher than what is captured in the field data. This is because of the practical obstacle associated with capturing loose moisture within a tipped load during the load sampling process. Extensive observation by author Culbertson suggests that both precipitation, as well as the liquid portion of solid wastes (for example, discarded beverages and food from commercial food preparation activities), flows immediately under the tipped load where it is absorbed in the dirt (if the waste composition study is being conducted on a landfill face) or dissipates on a concrete floor (if the waste composition study is being conducted in a processing facility with a pad). The standard grab sampling (or coning and quartering) suggested by waste composition protocol is not capable of capturing the contribution of such moisture.
Global Economic Downturn and Changes in Waste Composition
While it is common knowledge among solid waste management professionals that waste flow has been impacted by changes in global economic conditions as a result of the worldwide recession of 2008, the overall change in waste Relative contributions of residential and commercial waste are considered for the Bristol Resource Recovery Facility; Figure 4 illustrates percentage of residential-to-total waste delivered to the Bristol Facility from each of six municipalities over a seven-year period. As shown, the residential/ICI mix varies significantly from several of the municipalities, likely from a combination of factors including local hauling dynamics as well as overall waste generation variability. Although not shown in the Figure, the overall residential/ ICI split ranges from 53% to 55% over the seven year time period.
FIGURE 4 -RELATIVE CHANGES IN CONTRIBUTION OF RESIDENTIAL WASTE TO TOTAL WASTE DELIVERIES FROM SIX BRRFOC COMMUNITIES WASTE COMPOSITION AND HEATING VALUE Previous Studies
Meraz et al. present an approach to calculating HHV based on the elemental composition of various fractions of the waste stream. 22 Of particular interest for this paper are studies which relate HHV and change in waste composition. Three particular sources are noted here. 23 2. Magrinho and Semiao 24 considered paper and plastics recycling, as well as food waste recycling, with respect to variations in predicted LHV and HHV; while previous studies reported HHV as a critical parameter, the authors state LHV is a more critical metric as it better represents energy available for thermal conversion. As expected, reducing the relative concentration of inerts, such as glass, corresponds to a predicted increase in HHV, while the converse is true when increasing the plastics recycling rate. For HHV theoretical changes, increasing the recovery of food waste decreases the value, however when calculating LHV, the opposite trend is reported and LHV increases exponentially with increase food waste recycling. This is attributed to the effect of moisture in the fuel.
Marginal and second order effects of recycling on
processing costs and HHV are reported by Montgomery County, MD. 25 A simple algorithm is employed to illustrate the impact of varying HHV on electric revenue, wherein HHV of the aggregate feedstock is assumed to be the product of the weight fraction of the constituent multiplied by the individual heating value of the material. This evaluation presents a matrix of HHV calculated as a function of increasing diversion rates of mixed paper and commingled containers. For the range of diversion rates studied, the overall impact on HHV was shown to be relatively small (less than 50 Btu/lb).
Scalehouse Data -Residential & Commercial Delivery Trends
Relative contributions of residential and industrial, commercial, and institutional (ICI) waste are considered for the Bristol Resource Recovery Facility. Scalehouse data (Figure 4) illustrates relative changes in residential/ICI makeup at the Bristol Facility over a five-year period. Figures 5a and 5b present HHV and monthly precipitation data for both the Bristol and Montgomery County facilities; linear regression analysis for these data points indicate high probability of a linear correlation between HHV and precipitation (r = 0.4247 and 0.4173 respectively with a corresponding probability of a relationship due to chance of less than 0.0005).
FIGURE 5A ROLLING AVERAGE HHV AND PRECIPITATION FOR BRISTOL RESOURCE RECOVERY FACILITY FIGURE 5B ROLLING AVERAGE HHV AND PRECIPITATION FOR NMWDA-MONTGOMERY COUNTY RESOURCE RECOVERY FACILITY
Any attempt to correlate residential/ICI makeup with HHV is complicated by particular and changing patterns in hauler deliveries; for example, the dip in ICI tonnage shown in February 2009 is attributed to a change in practices by one major hauler, and thus, is not representative of the composition of the waste stream. This is corroborated by Table 4 , which reports ICI makeup for five Connecticut locations sampled as part of the CTDEP study in 2009, and showing anomalous results for the Bristol facility (ICI comprised of only 23%) compared to the other four study sites (average ICI of 43%). 
TABLE 4 FRACTION OF ICI WASTES RECEIVED BY CT FACILITIES

Bristol CT Plant Data
Bristol, CT is home to a regional, integrated waste management agency consisting of sixteen central Connecticut municipalities, which includes a mass-burn facility owned and operated by Covanta Energy, as well as curbside residential recycling, household hazardous waste, and electronics recycling programs. Similar to the Montgomery County facility, heating value for the 650 tpd Bristol Resource Recovery Facility is tracked on a monthly basis using the specific steam correlation method developed by Ogden Martin Systems, Inc. (now Covanta Energy).
Tables 5a and 5b compare seasonal waste composition data for both facilities. 
FIGURE 6 FREQUENCY DISTRIBUTION FOR BRISTOL AND MONTGOMERY COUNTY RESOURCE RECOVERY FACILITIES
For the Bristol facility, this paper examines waste composition data obtained from the 2009 Connecticut DEP study to derive a representative ultimate analysis following the methods reported by Chang and others. Tables 6a and 6b illustrate the application of an empirical approach to calculating HHV. For the month of February 2009, the steam correlation method yielded a value of 5,461 Btu/lb (3,034 kcal/kg), which compares with the composition study result in Table 6a , which yields 6,438 Btu/lb (3,577 kcal/kg) and is within the limits of precision for this analysis. by the steam correlation method. This result is consistent with observations noted above with respect to moisture loss during sampling (see Table 3 ).
TABLE 6B MONTGOMERY COUNTY HHV COMPUTATION BASED ON DERIVED ELEMENTAL COMPOSITION
When examining the sensitivity of non-metal items to assumed moisture content, variations in moisture alone can account for differences of 1,000 Btu/lb. Moisture content and sampling are discussed above with respect to U.S. experience, and sampling results reported by Chang et. al. for moisture show relative error of 10% or more for Taiwan waste. In order to reduce the sensitivity of calculated heating values to moisture content, some authors recommend much greater emphasis on LHV. 26, 27 Each of the respective methods for estimating HHV (Chang formula based on Ultimate Analysis and Specific Steam Correlation Method) mask underlying broad assumptions which significantly influence the outcome. Table 7 highlights the nature of these assumptions, along with an estimate of the expected range of error, where known; for purposes of deriving HHV from waste composition data, sample size (number of samples and size of individual sample) are important, but not easily ascertained in advance of the study.
For the variety of materials considered (food waste, brush, and "organics"), a relative error of nearly 30% is probably reasonable. A larger sample size does not guarantee a more precise result if the material is inherently variable. 
Weight
CONCLUSIONS
Understanding the composition of waste is critical to professionals in the field. There are important implications for resource recovery facilities, especially for combustion parameters such as design heat transfer surface area, combustion air flow, fan sizing, and ash quantity and makeup. A number of algorithms are utilized to indirectly measure HHV (i.e. methods other that ASTM PTC 34), and in this paper, the authors describe comparisons of the Specific Steam Correlation Method with calculations based on ultimate analysis derived from waste composition studies.
These surveys yield information otherwise difficult to obtain data, such as waste moisture content. They also provide useful metrics for determining the relative success of recycling and waste diversion programs. Food waste composting initiatives, such as the mandatory San Francisco program, have the potential to markedly influence waste characteristics.
The meteoric increase in use of electronic devices also will impact management strategies, and ultimately the success of these diversion efforts will factor into the characteristics of waste destined for recycling, disposal or energy recovery.
During 2008 and 2009, fundamental changes in the U.S. economy undoubtedly contributed to shifts in waste composition. This study offers no broad conclusions as to whether major changes were observed in recent waste composition studies, due to limitations in the number and size of samples, differences in nomenclature used to classify materials, and other factors. On the other hand, large-scale comprehensive reviews, such as the bi-annual USEPA Municipal Solid Waste in the United States -Facts and Figures, may be overly generalized, providing relatively minor value to those responsible for regional waste management programs. Thus, we can look to analyses of waste composition and heating value to observe developing trends and draw inferences about the makeup of the various constituents of the waste stream, and the data are especially valuable when matched with other metrics used to describe properties of MSW.
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